Nicotine, the main psychoactive ingredient of tobacco smoke, induces negative motivational symptoms during withdrawal that contribute to relapse in dependent individuals. The neurobiological mechanisms underlying how the brain signals nicotine withdrawal remain poorly understood. Using electrophysiological, genetic, pharmacological, and behavioral methods, we demonstrate that tonic but not phasic activity is reduced during nicotine withdrawal in ventral tegmental area dopamine (DA) neurons, and that this pattern of signaling acts through DA D2 and adenosine A2A, but not DA D1, receptors. Selective blockade of phasic DA activity prevents the expression of conditioned place aversions to a single injection of nicotine in nondependent mice, but not to withdrawal from chronic nicotine in dependent mice, suggesting a shift from phasic to tonic dopaminergic mediation of the conditioned motivational response in nicotine dependent and withdrawn animals. Either increasing or decreasing activity at D2 or A2A receptors prevents the aversive motivational response to withdrawal from chronic nicotine, but not to acute nicotine. Modification of D1 receptor activity prevents the aversive response to acute nicotine, but not to nicotine withdrawal. This double dissociation demonstrates that the specific pattern of tonic DA activity at D2 receptors is a key mechanism in signaling the motivational effects experienced during nicotine withdrawal, and may represent a unique target for therapeutic treatments for nicotine addiction.
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negative reinforcement | place conditioning | burst firing | population activity | osmotic minipumps T obacco addiction is the leading avoidable cause of disease and premature death in North America (1) . Of more than 3,000 chemicals present in tobacco smoke, nicotine is the main psychoactive ingredient responsible for tobacco addiction (2) . Withdrawal from chronic nicotine is hypothesized to represent a powerful source of negative reinforcement that drives relapse and compulsive tobacco use (3); therefore, understanding the neurobiological substrates mediating the motivational properties of nicotine withdrawal is an important step in the development of new treatments for nicotine addiction. Current hypotheses suggest that nicotine withdrawal leads to a decrease in dopamine (DA) signaling in the brain (4) and that DA neurons exhibit two activity states, phasic and tonic, that mediate separate aspects of behavior (5) (6) (7) .
Nicotine acutely produces both aversive and positive motivational effects (8, 9) by activating the mesolimbic DA system (7, 10) as well as non-DAergic neural substrates (11, 12) . DA neurons exhibit burst-and population-firing activity that leads to phasic and tonic DA release, respectively (5-7). Burst-firing produces a fast and large phasic DA release that mainly activates postsynaptic DA D1 receptors (D1Rs), and population-firing produces a slower tonic DA release that mainly activates the higher affinity (13) DA D2 receptors (D2Rs) (5, 6) . The phasic and tonic activities of DA neurons are thought to mediate different aspects of goal-directed behavior; phasic activity facilitates cue-reward association and acquisition of incentive salience, whereas tonic activity is involved in response inhibition and behavioral flexibility (5, 6, 14) . Consistent with its motivational properties, a single systemic nicotine injection increases phasic activity in the ventral tegmental area (VTA) (15) and the release of DA in the ventral striatum (16, 17) , and chronic exposure to nicotine decreases tonic, but not phasic, DA activity in the VTA (18) . However, the role of tonic activity and the D1R vs. phasic activity and the D2R in signaling the motivational effects of acute nicotine and withdrawal from chronic nicotine is unknown. Here we tested the effect of withdrawal from chronic nicotine on tonic and phasic VTA DA activity and whether the specific pattern of signaling through D1Rs and D2Rs mediates the conditioned motivational responses to nicotine withdrawal and acute nicotine.
Results

Activation or Blockade of DA Receptors Prevents the Expression of
Chronic Nicotine Withdrawal Aversions. Pharmacological blockade of DA activity at receptors attenuates the expression of food (19) and drug motivation (20, 21) in place-conditioning paradigms. Interestingly, pharmacological activation of DA receptors (DARs) also prevents food motivation (19) and conditioned place aversions (CPAs) to morphine withdrawal (21) . We hypothesized that a specific pattern of signaling at DARs could mediate nicotine withdrawal, and thus that either pharmacologically increasing or decreasing activity at DARs would prevent CPAs to nicotine withdrawal. Mice given chronic nicotine (7 mg·kg·d) were subjected to place-conditioning during spontaneous withdrawal (20) after pretreatment with vehicle, the DAR agonist apomorphine (2.5 mg/kg), or the DAR antagonist α-flupenthixol (0.8 mg/kg). A one-way ANOVA showed a significant effect of pharmacological pretreatment (F 2,42 = 17.1, P < 0.05) (Fig. 1A) on the motivational response to nicotine withdrawal. Dependent and withdrawn mice pretreated with vehicle (n = 15) showed a significant aversion to a withdrawalpaired environment (P < 0.05) that was blocked with apomorphine (n = 15; P > 0.05) or α-flupenthixol (n = 15; P > 0.05) pretreatment. Each drug pretreatment had no motivational effects on its own (Fig. S1 ). Similar to previous results in chronic opiate withdrawn rats (19) , these results suggest that disruption of the specific pattern of DA signaling by either increasing or decreasing activity at DARs prevents the expression of nicotine withdrawal aversions in dependent mice.
Tonic but Not Phasic DA Activity in the VTA Is Altered in NicotineDependent and Withdrawn Rats. We next directly investigated the specific patterns of DA neuron firing that mediate the motivational response to nicotine withdrawal. Using defined criteria to measure phasic bursting activity and tonic population activity of DA neurons (18, 22), we measured tonic and phasic VTA DA activity with in vivo extracellular single-unit recordings in saline control, previously drug-naive given acute nicotine (1.5 mg/kg), nicotine dependent (3.14 mg·kg·d), and nicotine-dependent and spontaneously withdrawn rats (20, 23) . Analysis of tonic DA neuron activity with one-way ANOVA revealed a significant effect of drug treatment (F 3,35 = 9.7, P < 0.05) (Fig. 1B) . Salinetreated (n = 11) and acute nicotine-treated (n = 11) rats showed no difference in tonic DA neuron activity (P > 0.05). However, similar to previous studies (18, 24) , nicotine-dependent rats receiving chronic nicotine (n = 11) showed a significant decrease in tonic DA activity in comparison with both saline controls and acute nicotine-treated groups (P < 0.05). Most interesting, rats experiencing withdrawal from chronic nicotine (n = 6) showed a further decrease in tonic DA activity compared with nicotinedependent rats that were not in withdrawal (P < 0.05). This result is consistent with the hypothesis that dependent human smokers have decreased DA activity during withdrawal (4) , and suggests that the aversive motivational state of spontaneous nicotine withdrawal is signaled by a further patterned decrease in tonic DA activity than that observed during the nicotine-dependent state. Analysis of phasic VTA DA activity with one-way ANOVA revealed a significant effect of drug treatment (F 3,35 = 5.0, P < 0.05) (Fig. 1B) . Acute nicotine increased phasic DA firing rates (P < 0.05), in comparison with nondependent, dependent, and dependent and withdrawn groups (all P > 0.05), suggesting that the specific pattern of phasic activity may mediate the motivational response to acute nicotine.
Blockade of Phasic DA Activity Prevents Aversions to Acute Nicotine, but Not to Withdrawal from Chronic Nicotine. To test if phasic DA activity directly mediates the aversive response to acute nicotine, but not to chronic nicotine withdrawal, we examined the effect of blocking phasic DA activity on CPAs for acute nicotine and withdrawal from chronic nicotine using the cannabinoid receptor-1 inverse agonist rimonabant (3.0 mg/kg) and the NMDA receptor antagonist CGP39551 (2.5 mg/kg). Previous studies suggested that rimonabant blocks phasic DA release without affecting baseline DA transients (25, 26) ; however, these were performed in vitro (25) or measured the absolute amount of DA release using voltammetry (26) or microdialysis (27) . We thus performed in vivo electrophysiological recordings of VTA DA neurons in drug-naive rats given rimonabant (n = 10) to test the hypothesis that the drug selectively decreases phasic but not tonic baseline DA firing. Rimonabant significantly decreased phasic DA activity (t 9 = 2.715, P < 0.05) but not tonic DA activity (t 9 = 0.2018, P > 0.05) (Fig. S2 ). CGP39551 is another pharmacological tool that selectively disrupts phasic DA activity without affecting tonic activity and blocks nicotine-induced VTA DA bursting (28) . A two-way ANOVA showed a significant interaction of pharmacological pretreatment and nicotine history (F 6,110 = 4.291, P < 0.05) (Fig. 1C) . Nondependent mice given acute nicotine after saline pretreatment (n = 9) showed a CPA to a nicotine-paired environment (P < 0.05) that was blocked with rimonabant (n = 9; P > 0.05) or CGP39551 (n = 13; P > 0.05) pretreatment. In contrast, nicotine-dependent and withdrawn mice given saline (n = 11) showed a CPA to the withdrawal-paired environment (P < 0.05) that was not blocked by rimonabant (n = 13; P < 0.05) or CGP39551 (n = 12, P < 0.05). Mice given chronic or acute saline and saline (n = 14), rimonabant (n = 7), or CGP39551 (n = 6) showed no motivational response to the drugs (P > 0.05). These results suggest that phasic DA activity is required for the motivational response to acute nicotine, but not to withdrawal from chronic nicotine. Phasic DA activity mediates aversions to acute nicotine but the specific pattern of tonic DA activity mediates aversions to withdrawal from chronic nicotine. (A) Both increasing and decreasing DAR activity prevents the expression of withdrawal aversions. Nicotine-dependent and -withdrawn mice pretreated with vehicle showed an aversion to a withdrawal-paired environment that was blocked (*P < 0.05) after pretreatment with DAR agonist apomorphine or DAR antagonist α-flupenthixol. (B) (Top) Representative electrophysiological recordings from VTA DA neurons in rats treated with saline vehicle, acute nicotine, chronic nicotine (nicotine-dependent), and chronic nicotine and spontaneous withdrawal. (Middle) Nicotine-dependent rats exhibited a decrease in tonic VTA DA activity compared with saline control and acute nicotine-treated rats that was further significantly decreased in rats undergoing withdrawal from chronic nicotine (*P < 0.05 in comparison with all other groups). (Bottom) Only acute nicotine increased phasic activity in VTA DA neurons. Chronic nicotine exposure and withdrawal did not alter phasic activity. (C) Selectively blocking phasic DA activity with rimonabant or CGP39551 prevented aversions to acute nicotine but not to nicotine withdrawal. Data represent mean ± SEM (*P < 0.05).
that acute nicotine modifies phasic DA activity, but withdrawal from chronic nicotine modifies tonic DA activity. We thus hypothesized that genetic deletion of the D2R would prevent aversions to nicotine withdrawal in dependent mice, but D1R deletion would prevent acute nicotine aversions in nondependent mice. D1R and D2R KO mice and their WT littermates were place-conditioned after receiving acute nicotine (1.75 mg/kg) or during spontaneous withdrawal from chronic nicotine (7 mg·kg·d). One-way ANOVA revealed a significant group effect (F 2,24 = 3.43, P < 0.05) ( Fig. 2A ) in dependent and withdrawn mice. WT mice in withdrawal from chronic nicotine (n = 11) showed a CPA to a withdrawal-paired environment (P < 0.05); aversions that were shown as well by D1R KO mice (n = 9) but not by D2R KO mice (n = 7; P > 0.05). For acute nicotine-treated mice, one-way ANOVA revealed a significant group effect (F 2,27 = 8.27, P < 0.05) (Fig. 2B ). D2R KO (n = 7) and previously drug-naive WT mice (n = 14) given acute nicotine showed a significant CPA to a nicotine-paired environment (P < 0.05) that was blocked in D1R KO mice (n = 9; P > 0.05). Taken together, these results doubly dissociate the role of D1Rs and D2Rs in nicotine motivation; D2Rs (but not D1Rs) are required for the aversive motivational response to withdrawal in dependent mice, and D1Rs (but not D2Rs) are necessary for acute nicotine aversions in nondependent mice.
Pharmacological Manipulation of D2Rs but Not D1Rs Block Withdrawal
Aversions in Nicotine-Dependent Mice. Modification of the specific pattern of activity at DARs, and D2R but not D1R deletion, blocked the aversive response to withdrawal from chronic nicotine. We thus hypothesized that either increasing or decreasing activity at D2Rs but not D1Rs would block conditioned withdrawal aversions in dependent mice. We examined the effect of the D1R agonist A-77636 (1.0 mg/kg), the D1R antagonist SCH23390 (0.01 mg/kg), the D2R agonist quinpirole (0.05 mg/ kg), and the D2R antagonist eticlopride (1.0 mg/kg) on CPAs to withdrawal. A one-way ANOVA revealed a significant effect of pharmacological pretreatment (F 4,60 = 4.11 P < 0.05) (Fig. 2C) . Nicotine-dependent and -withdrawn mice that received vehicle (n = 31) before conditioning showed an aversion to a withdrawalpaired environment (P < 0.05) that was blocked in mice that received quinpirole (n = 7; P > 0.05) and eticlopride (n = 7; P > 0.05), but not in mice that received A-77636 (n = 12; P < 0.05) or SCH23390 (n = 8; P < 0.05). No motivational response to any of the drugs on their own was observed (Fig. S3 ). Groups of mice tested with a higher dose of the D1R agonist A-77636 (10.0 mg/ kg) showed a nonspecific block of learning (Fig. S4) . These results suggest that either increasing or decreasing D2R activity blocks the specific pattern of signaling that mediates the aversive motivational response to chronic nicotine withdrawal, and that activity at D1Rs is not required for the experience of nicotine withdrawal aversions.
Pharmacological Manipulations of D1Rs but Not D2Rs Block Aversions
to Acute Nicotine in Nondependent Mice. We next tested the hypothesis that either increasing or decreasing activity at D1Rs but not D2Rs would prevent the aversive motivational response to acute nicotine by examining the effect of A-77636, SCH23390, quinpirole, and eticlopride on CPAs to a nicotine-paired environment in nondependent mice. There was a significant effect of pharmacological pretreatment on acute nicotine aversions (F 4,44 = 4.99 P < 0.05) (Fig. 2D ) that occurred exactly opposite to dependent and withdrawn mice. Nondependent mice given acute aversive nicotine and pretreated with vehicle (n = 17) showed a CPA to a nicotine-paired environment (P < 0.05) that was blocked in mice pretreated with the D1R agonist A-77636 (n = 8; P > 0.05) and the D1R antagonist SCH23390 (n = 10; P > 0.05), but not with the D2R agonist quinpirole (n = 7; P < 0.05) or the D2R antagonist eticlopride (n = 7; P < 0.05). These results demonstrate that either increasing or decreasing activity at D1Rs blocks aversions to acute nicotine, and suggest that D2R activation is not necessary for the aversive response to acute nicotine.
Pharmacological and Genetic Modifications of Adenosine A2A Receptors Specifically Block Chronic Nicotine Withdrawal Aversions.
In the striatum, adenosine A2A receptors (A2ARs) and D2Rs are colocalized (29) and form A2AR-D2R heteromers (30) . The A2AR and D2R interact antagonistically, such that agonism of A2ARs decreases signaling at D2Rs (31) and antagonism of A2ARs increases signaling at D2Rs (30) . If the specific pattern of activity at D2Rs is a key factor in mediating aversions to nicotine withdrawal, and colocalized A2ARs and D2Rs act antagonistically in the striatum (29, 30) , then genetic and pharmacological manipulation of A2ARs should also affect nicotine-withdrawal aversions in dependent animals. We examined the effect of A2AR manipulation on the conditioned aversive responses to acute nicotine and withdrawal from chronic nicotine in A2AR KO mice and WT mice pretreated with the A2AR agonist CGS21680 (0.1 mg/ kg) or the A2AR antagonist SCH58261 (0.5 mg/kg). One-way ANOVA revealed a significant effect of A2A receptor manipulation in nicotine-dependent and -withdrawn mice (F 3,51 = 6.2 P < 0.05) (Fig. 3A) but not in nondependent mice given acute nicotine (F 2,24 = 0.06 P > 0.05) (Fig. 3B) . Dependent and withdrawn WT mice that received vehicle (n = 23) showed a CPA to a withdrawal-paired environment (P < 0.05) that was blocked in A2AR KO mice (n = 14; P > 0.05) and in WT mice that received CGS21680 (n = 7; P > 0.05) or SCH58261 (n = 11; P > 0.05). Previously drug-naive mice given acute nicotine and pretreated with vehicle (n = 13) showed a CPA to a nicotine-paired environment that was not blocked in mice pretreated with CGS21680 (n = 7; P > 0.05) or SCH58261 (n = 7; P > 0.05). No motivational response to the drugs on their own was observed (Fig. S5) . These results suggest that either increasing or decreasing activity at A2ARs blocks aversions to withdrawal from chronic nicotine but not the aversive response to acute nicotine, possibly via modification of D2R activity.
Discussion
Withdrawal from nicotine has been hypothesized to represent a powerful source of negative reinforcement (20, 23 ) that drives relapse and compulsive tobacco use (2, 3). Therefore, understanding the neurobiological substrates mediating the motivational properties of withdrawal from chronic nicotine is an important step in the development of new treatments for nicotine addiction. Previous reports have suggested that a neurobiological switch occurs during the transition from a drug-naive to a drug-dependent motivational state (32) . The transition from acute nicotine use to nicotine dependence has been hypothesized to result from neuroadaptative changes that produce the powerful withdrawal syndrome and negative emotional state observed upon cessation of nicotine use (3) . The present results demonstrate that a shift in VTA DA signaling from phasic to tonic, and of receptor mediation from D1 to D2, occurs upon dependence and withdrawal from nicotine, and doubly dissociates the role of D1Rs vs. D2Rs in nicotine motivation. We suggest that phasic DA activity at D1Rs mediates acute nicotine aversions, whereas tonic DA activity at D2Rs (and indirectly, A2ARs) mediates aversions to withdrawal from chronic nicotine. Rodents experiencing spontaneous withdrawal from chronic nicotine show a CPA to a withdrawal-paired environment in place-conditioning paradigms (20, 33) . Similarly, previously drugnaive mice given a single aversive dose of nicotine will show a CPA to the nicotine-paired environment (20) . The important difference in these two effects is the exposure to nicotine: acute exposure in nondependent animals versus chronic exposure and withdrawal in dependent animals. The present results demonstrate that modifying activity at D2Rs prevented the expression of nicotine-withdrawal aversions in dependent animals. A previous study suggested that both increasing or decreasing DA signaling at DARs blocked the expression of CPAs to withdrawal from chronic morphine (21) . Our present work suggests that a similar phenomenon occurs during nicotine withdrawal in dependent animals, such that treatment with a broad-spectrum DAR agonist or antagonist, or a specific D2R agonist or antagonist, prevented the expression of nicotine-withdrawal aversions in dependent mice. Furthermore, genetic deletion of the D2R (but not the D1R) prevented nicotine-withdrawal aversions. In nondependent animals exposed to acute nicotine, exactly the opposite phenomenon occurred: Both D1R-specific agonism or antagonism, as well as D1R deletion, selectively prevented aversions to acute nicotine in nondependent mice, without affecting aversions to withdrawal in nicotine-dependent mice. These results doubly dissociate the role of the D1R vs. D2R in nicotine motivation, such that the motivational response to withdrawal in dependent mice is D2R-mediated and acute nicotine motivation is D1R-mediated. These results are in line with previous studies showing that drug-dependent human subjects have marked decreases in D2R availability (34) and presumably in DA release (35) , which is consistent with the hypothesis that a pattern of DA activity signals nicotine motivation and the present results showing that nicotine-dependent and -withdrawn mice have a decrease in tonic activity of VTA DA neurons. Furthermore, animal studies have shown that D1R antagonism blocks nicotine motivation in nondependent mice (36) . A recent study showed that blockade of D1R but not D2R transmission prevented acquisition of opiate-reward memory in nondependent rats, and D2R but not D1R blockade prevented opiate-reward encoding in dependent and withdrawn rats (37) . However, previous studies suggest that both acute nicotine and opiate reward are mediated by the non-DAergic brainstem tegmental pedunculopontine (TPP) nucleus (9, 12, 21) , and thus must involve separate cells in the TPP that are thought to mediate burst-firing of VTA DA neurons (5, 14) ; burst-firing that we show here is involved in the response to acute nicotine. The present data show that only the acute aversive motivational effects of nicotine are mediated by D1Rs, leading to the suggestion that the induction of nicotine dependence switches the neurobiological substrate mediating the aversive motivational effects of nicotine from D1R to D2R-mediated.
We have suggested that a specific pattern of tonic DA activity through D2Rs signals withdrawal from chronic nicotine. The D2R system is important for learning to shift behavior in response to change in motivation (6) . It is thus possible that animals have a tonic pattern of DA activity that does not shift with nicotine dependence and withdrawal. D2R KO mice did not demonstrate a CPA to withdrawal, possibly because these mice never experience a change in tonic DA activity that signals withdrawal. However, this block of the motivational response is not simply because of an effect on learning, as both D1R and D2R KO mice can learn a motivational response to nicotine in our paradigm. Indeed, both hyperdopaminergic and hypodopaminergic mice can learn various tasks although their motivation is altered (14) , suggesting that DA mediates motivation rather than learning. Our block of nicotine withdrawal aversions with both D2R agonist and antagonist drugs provides further support for the hypothesis that the specific pattern of DA release at D2Rs signals withdrawal, and that any deviation from this pattern, whether an increase or a decrease of DA activity and release, will prevent the aversive motivational response to nicotine withdrawal. Fig. 3 . Manipulations of the adenosine A2AR block the aversive response to withdrawal from chronic nicotine but not to acute nicotine. (A) Nicotinedependent and -withdrawn WT mice pretreated with vehicle showed a CPA to a withdrawal-paired environment that was blocked in A2AR KO mice, mice pretreated with the A2AR agonist CGS21680, and mice pretreated with the A2AR antagonist SCH58261. (B) Nondependent mice given an acute injection of nicotine and pretreated with vehicle showed a CPA to a nicotinepaired environment that was not blocked with CGS21680 or SCH58261 pretreatment. Data represent mean ± SEM (*P < 0.05).
The present results doubly dissociate the role of phasic and tonic dopaminergic activity in the motivational response to acute nicotine in nondependent mice and to withdrawal in nicotinedependent mice. Previous studies have shown that tonic DA activity is decreased in nicotine-dependent animals (18) and that precipitated withdrawal from chronic nicotine leads to decreased DA levels (38) . Using defined electrophysiological methods to measure VTA DA activity (18, 22) , we confirmed and extended these results to dependent animals experiencing spontaneous withdrawal, showing that tonic DA activity is further decreased during withdrawal from chronic nicotine. Acute nicotine increased phasic DA activity in nondependent animals; pharmacologically blocking phasic activity via cannabinoid-1 (33) or NMDA (28) receptor modulation prevented the aversive motivational response to acute nicotine, but not to withdrawal from chronic nicotine. Taken together, these results suggest that nicotine withdrawal is signaled by a pattern of tonic but not phasic DA activity, and that there is a decrease in tonic DA release during withdrawal in dependent animals. Although the amount of DA released via tonic neuronal activity is small in comparison with that via phasic activity, a previous study showed that tonic DA activity is independent of burst-firing and provides sufficient DA to engage behavior (14) , thus it is plausible that a tonic DA signal mediates the behavioral response to nicotine withdrawal. A single injection of nicotine leads to the large-scale phasic release of DA (16, 17) ; therefore, it is possible that nicotine-dependent subjects who are experiencing withdrawal may take nicotine to temporarily modulate DA levels in the brain by increasing release through phasic activation of VTA DA neurons. This hypothesis is similar to Grace's tonic/phasic model of DA system regulation (7). Another possibility suggested by the present results is that acute nicotine floods the DA system in a similar fashion as administration of a broad-spectrum DAR or D2R-specific agonist. These manipulations of DA activity would modify the specific pattern of DA firing that signals withdrawal, and would thus prevent the aversive motivational effects of withdrawal from chronic nicotine.
We suggest that modulation of D2Rs could prevent the motivational effects of nicotine withdrawal; however, directly increasing or decreasing DA activity could potentially produce schizophrenic or Parkinson-like symptoms, respectively. We demonstrate here that both increasing and decreasing activity at adenosine A2ARs blocked nicotine withdrawal aversions in dependent mice but, similar to a previous study (39) , had no effect on acute nicotine aversions in nondependent mice. These results suggest that A2AR modulation can prevent the aversive motivational response to nicotine withdrawal, possibly through an indirect disruption of the specific pattern of D2R activity that mediates withdrawal. Furthermore, we hypothesize that tonic and phasic VTA DA activity leads to effects on D1Rs, D2Rs, and A2ARs in the ventral striatum. This idea is supported by a previous study showing that intrastriatal DA antagonism has similar effects to systemic antagonist administration (40) . Activation of striatal receptors could in turn feed back to the VTA via direct and indirect pathways (13) , and this feedback may be important in the generation of the specific pattern of tonic DA activity that signals nicotine withdrawal aversions.
Taken together, our results suggest that a key mechanism signaling nicotine withdrawal is tonic activity of VTA DA neurons, which may act through D2Rs and indirectly, A2ARs, to signal an aversive motivational state during withdrawal in dependent subjects that contributes to relapse. Pharmacological manipulation of the tonic DA signal prevents the aversive motivational state that is normally experienced during nicotine withdrawal, suggesting that modifying tonic DA activity via manipulation of D2Rs or possibly A2ARs may represent a unique target for therapeutic treatments of nicotine addiction.
Materials and Methods
All animal use procedures were approved by the University of Toronto Animal Care Committee, in accordance with Canadian Council on Animal Care guidelines. Adult male Wistar rats and C57BL/6 mice (Charles River) and D1R, D2R, and A2AR KO mice were housed in a temperature-controlled room with lights on from 7:00 AM to 7:00 PM. Heterozygous D2R breeder mice were received as a gift from D. K. Grandy and M. J. Low (Oregon Health and Science University, Portland, OR), homozygous D1R KO mice from S. George, and heterozygous A2AR mice from M. Schwarszchild and J. Chen (Massachusetts General Hospital, Boston, MA). Crosses were bred at the University of Toronto to obtain homozygous D2R and A2AR KO mice and their WT controls.
Drugs. Nicotine hydrogen tartrate salt (Sigma-Aldrich) was dissolved in saline at pH 7.0 ± 0.3 and administered via osmotic minipumps (chronic nicotine, 7 mg·kg·d) or subcutaneous injection (acute nicotine, 1.75 mg/kg). The DAR agonist apomorphine (2.5 mg/kg), DAR antagonist α-flupenthixol (0.8 mg/ kg), D1R antagonist SCH23390 (0.01 mg/kg), D1R agonist A-77636 (1.0 or 10.0 mg/kg), D2R agonist quinpirole (0.05 mg/kg), D2R antagonist eticlopride (1.0 mg/kg), adenosine A2AR antagonist SCH58261 (0.5 mg/kg), and A2AR agonist CGS21680 (0.1 mg/kg) were purchased from Sigma-Aldrich, dissolved in PBS, and administered intraperitoneally 0, 60, 10, 0, 15, 20, 30, and 20 min before conditioning, respectively. The NMDA-R antagonist CGP39551 (2.5 mg/kg) was purchased from Tocris, dissolved in PBS, and administered intraperitoneally immediately before conditioning. Rimonabant (3.0 mg/kg; National Institute on Drug Abuse) was suspended in 0.3% Tween80 in saline and administered intraperitoneally 45 min before conditioning. All doses of drugs are expressed as milligram of free base per kilogram of body weight. Doses and time of injections were selected based on previous studies (19, 20, 28, (41) (42) (43) (44) .
Electrophysiology. Rats were subcutaneously implanted with osmotic minipumps (model 2001; Alzet) delivering either saline (nondependent) or nicotine (nicotine dependent; 3.14 mg·kg·d) for 7-10 d. Nicotine-dependent and -withdrawn rats had their minipump removed 16-24 h before electrophysiological recordings, a time that corresponds to peak motivational withdrawal (20, 23) . VTA (AP: −5.3 mm; ML: ±0.5-0.8 mm; DV: 7-8.5 mm) DA neurons were identified according to well-established electrophysiological features (18, 22) , and electrophysiological recordings were performed as previously described (18) . Phasic bursting activity of DA neurons was defined as the occurrence of two or more consecutive spikes with an interspike interval lower than 80 ms and terminating with an interspike interval greater than 160 ms. Tonic activity was defined as the baseline firing rate (2-5 Hz) of the DA neuron (18, 22) and did not include a measure of the number of neurons firing.
Place Conditioning. The place-conditioning apparatus was obtained from Med Associates (SOF-700RA-25 Two Chamber Place Preference Apparatus). One environment was black with a metal rod floor and the other was white with a wire mesh floor. An intermediate gray area housed a removable partition. Each cage was cleaned between animals and each group was fully counterbalanced. Mice were implanted with osmotic minipumps (model 1002; Alzet) or given acute nicotine and pretreated intraperitoneally with saline, apomorphine, α-flupenthixol, rimonabant, SCH23390, A-77636, quinpirole, eticlopride, SCH58261, or CGS21680 and conditioned according to modified place-conditioning procedures, as described previously (20) and in SI Materials and Methods.
Statistical Analysis. Results were analyzed using a one-or two-way ANOVA or Student t test with α-level of 0.05 (two tailed). In all cases a normality test and equal variance test were performed before the ANOVA to ensure its validity. Post hoc Bonferroni or Duncan's tests were used where appropriate. Data are shown as mean ± SEM. 
ACKNOWLEDGMENTS. The authors thank Brenda
